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Geminal Bond Participation in the Cope Rearrangements of
Z- and E-Substituted 1,5-Hexadienes and in the Reverse Reactions
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We analyzed the bond interactions at the transition state of
the Cope rearrangement of 1,5-hexadiene to disclose the
significant participation of the geminal ¢ bonds at the reacting
centers. The electron-donating ¢ bonds at the Z-positions and
the electron-accepting ¢ bonds at the E-positions in the 1-
substituted 1,5-hexadienes were predicted from the geminal
bond participation to enhance the reactivities. For the reverse
reactions, the 3-substituted 1,5-hexadienes were similarly
predicted to rearrange more readily into the 1-substituted ones
with the electron-donating ¢ bonds at the Z-positions. The
predictions were confirmed by the density functional theory
calculations.

The 1Cope rearrangement is a well-known organic reaction
(eq. 1). There is a priori a question about the relative
reactivities of Z- vs E-1-substituted 1,5-hexadienes. We
analyzed the bond interactions at the transition state of the Cope
rearrangement of 1,5-hexadiene to investigate the participation
of the o bonds geminal to the reacting m bonds, predicted the
reactivities from the geminal bond participation, and confirmed
the predictions by the density functional theory calculations.
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1E,Rz=H, Rz=CH;
1Z,Rz=CHs, Rg=H
2E,Ry=H, Rg= NH,
2Z,Rz=NH,, Rg=H
3E,Ry=H, Rg= OH
3Z,Rz=OH,Rg=H
4E, Rz= CHs, Rg= SiH
4Z, Ry = SiH, Rg= CH,
5E,Rz= NH,, Ry=PH,
5Z, Ry= PH,, Rg= NH,
6E, Ry= OH, Rp=SH
6Z, Ry=SH, Rp= OH

We investigated the bond interactions at the transition state
of the Cope rearrangement of 1,5-hexadiene by the method
previously developed 2and successfully applied to a variety of
molecular properties.  The interaction between the bond
orbitals, i and j , was estimated by the interbond energy (IBE)
and interbond population (IBP) defined as below:

IBEG,/) = P(H;+F)) 2)
IBP(i,j) =2P;S; 3)
where P,j, F;, Hyand S; are the elements of the density, Fock,

Table 1. Interbond energies (au) and interbond population at
the transition state of the Cope rearrangement of 1,5-hexadiene

Interactions IBE; IBP;
Ocy-cy ~TC -y -09293  0.1320
Tc-C, —0*c3_c4 -0.6407 0.0968
Rcy-c, ~TCy-Cy -0.7261 0.0992
e -, TMC5-Cq 07100  -0.0943
O -00177  0.0040
O, g~ -G 0.0080  —0.0012
TC5-Cy —OCI—HZ -0.0093 0.0010
JEcs-c6 -0 C -Hg -0.0015 0.0002
c’cl -H,~ & C,-C, 0.0034 -0.0007
oc, -H, ~9c -c, 0.0001 0.0000
oc,-c, =0, -H, ~0.0005 0.0001
oc,-c, ~9c, -1, ~0.0286 0.0036

core Hamiltonian and overlap matrixes, respectively.

The calculated IBE and IBP values® are listed in Table 1.
The interactions between the O, orbital and the t'c e,
(0 cs.cs) OTbital most stabilize the transition state (IBE =
—0.9293, IBP = 0.1320). The stabilization due to the reverse
delocalization from the o, (esce) Orbitals to the o e,
orbital is relatively low (IBE = -0.6407, IBP = 0.0968). The
stabilization for the interaction between the =, o, orbital and
the 75 ¢ Orbital overcomes the repulsion between the g,
orbital and the w5 ¢ orbital (IBE = -0.7261, 0.7100).

A surprising difference was found in the o electron
delocalization from the o bonds geminal to the & bond to the
other m bond (Figure 1). The signs of the IBE and IBP values
show that the delocalization is bonding (—0.0177, 0.0040) as
usual from the Gy, orbital to the = cs o orbital while that is
antibonding from the Oy, orbital (0.0080, —0.0012). The
reverse delocalizations from the s ¢ bond to the ocy, and
Ocye bonds occur to a less extent (IBE = -0.0093, -0.0015,
respectively).
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Figure 1. Geminal bond participation.
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Another significant difference was found in the o electron
delocalization from the O_¢, bond to the o y; and O _y;z bonds.
The stabilizing delocalization to the o'¢; orbital (IBE =
—0.0286, 0.0036) is greater than that to the 0"y, orbital (IBE
= -0.0005, 0.0001). The delocalizations in the opposite
direction contribute to a little extent.

The participation of the geminal o bonds at the reacting
centers leads to a prediction that a relatively electropositive
atom or substituent at the Z-position and electronegative one at
the E-position enhance the reactivity of the hexadienes. An
electropositive atom raises the o bonding orbital energy to
increase the bonding delocalization from the geminal o bond at
the Z-position to the mes s bond. An electronegative atom
lowers the o bonding orbital energy to decrease the antibonding
delocalization from the o bond at the E-position and to increase
the stabilizing delocalization from the o ¢, bond to the o bond
at the E-position.

Table 2. Activation energies® (kca/mol) of the Cope
rearrangements of Z- and E-1-substituted 1,5-hexadienes
and energy differences® (kca/mol) between the Z- and
E-isomers in the reactants and the transition states

d d

Dienes AEEib AEZjtb SAEY AER AEqg

1 36.3 36.7 04 1.60 2.04
2 375 38.6 1.0 0.72 1.75
3 372 38.7 1.5 0.09 1.56
4 39.0 380 -1.0 045 -051
5 41.6 38.1 3.6 .17 246
6 38.1 365 -1.6 1.29  -027

#B3LYP/6-31G* energies including zero-point energies. bActivation
energies based on the most stable rotatomer. “SAE* = AE/ — AE o
dEnergy differences in the reactants, AE g, and those in the transition
states, AE 5. AE = E (Z-isomer) — E (E-isomer).

We calculated the relative reactivities of Z- vs E-1-
substituted 1,5-hexadienes in order to confirm the prediction.
The E-isomers of the dienes 1-3 substituted by the methyl,
amino, and hydroxy groups have a relatively electropositive
C-H bond at the Z-position and then were predicted to be more
reactive than the Z-isomers. This was in agreement with the
calculated activation energies of the reactions (Table 2).
Moreover, we compared the relative reactivities of the Z- vs E-
isomers 4-6 with the substituent atoms in the same group of the
periodic table. The second-row element substituents at the Z-
position were predicted to enhance the reactivity rather than
those at the E-position. The predictions were confirmed by
the calculated relatively low activation energies of the Z-
isomers. The high reactivities of Z-isomers ruled out the steric
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control and supported the geminal bond participation in the
Cope rearrangements.

The calculations of most of the reactions examined
supported the hypothesis that the reactivities should be
controlled by the stabilization of the transition state.

The 1-substituted 1,5-hexadienes would be more favored at
the equilibrium in the Cope rearrangements than the 3-
substituted ones. The 3-substituted 1,5-hexadienes are
suitable reactants to examine the reactivities experimentally.
The reactant molecules leading to the Z- and E-transition states
are identical with each other in the reactions of the 3-substituted
1,5-hexadienes. The activation energy difference is
determined by the transition energy difference. The geminal
bond participation is directly applied. The main products are
predicted to be the 1-substituted 1,5-hexadienes with the
relatively electropositive substituents at the Z-1-position.

In summary, the relative reactivities of 1,5-hexadienes in
the Cope rearrangements are controlled by the geminal bond
participation. Electron-donating o bonds at the Z-positions
and electron-accepting o bonds at the E-positions facilitate the
reactions of 1-substituted 1,5-hexadienes and their formation in
the reverse rearrangements.
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